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ABSTRACT 

The A i r  Force Orbi t - to-Orbi t  S h u t t l e  i s  an 8 0 , 0 0 0  l b  
g ross  weight propuls ion  module s i m i l a r  t o  t h e  NASA Space Tug. 
I t  is capable  of d e l i v e r i n g  1 0 , 0 0 0  l b  t o ,  o r  r e t u r n i n g  3500 l b  
from synchronous o r b i t .  Recent s t u d i e s  have been concerned 
wi th  t h e  e f f e c t  of p ropu l s ion  system des ign  on s t a g e  performance. 

Paramet r ic  data concernin? weight  and performance 
have been der ived  f o r  a number of d i f f e r e n t  t ypes  of hydrogen- 
oxygen r o c k e t  engines  a t  s e v e r a l  t h r u s t  l e v e l s  between 8000 l b  
and 50,000 lb. Payload performance of s t a g e s  us in?  t h e s e  d a t a  
were compared and it w a s  found tha t  s t a g e d  combustion type  eng ines  
w e r e  t h e  b e s t  and t h a t  t h e  optimum t h r u s t  should t o t a l  20 ,000  l b s .  
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MEMORANDUM FOR FILE 

1 . 0  INTRODUCTION 

A previous memorandum* desc r ibed  t h e  A i r  Force 
sponsored s t u d i e s  on H2/02 Orbit- to-Orbi t  S h u t t l e s  (00s) I 

a propuls ion  module i n  many ways s imi l a r  t o  t h e  NASA t u g  
concept.  I t  w a s  r epor t ed  t h a t  t h e  A i r  Force Space and 
M i s s i l e  System Organiza t ion  (SAMSO) has  bo th  t h e  North 
American Rockwell Space Divis ion (NAR/SD) and t h e  McDonnell 
Douglas As t ronau t i c s  Company-West (MDAC-W) under c o n t r a c t  
t o  perform v e h i c l e  systems s t u d i e s .  I n  d i r e c t  suppor t  of 
t h e s e  s t u d i e s  t h e  AF Rocket Propuls ion Laboratory (RPL) has  
t h e  A e r o j e t  Liquid Rocket Company (ALRC),  P r a t t  and Whitney 
A i r c r a f t  Company (P&W) and t h e  Rocketdyne Div i s ion  of North 
American Rockwell (RKD) under c o n t r a c t  to  d e f i n e  t h e  charac- 
ter is t ics  of  t h e  h igh  performance H2/02 main propuls ion  f o r  
t h e  00s. 

Propuls ion  o r i e n t e d  reviews of t h e  v e h i c l e  s t u d i e s  
and t h e  engine c y c l e  t r a d e  s t u d i e s  w e r e  h e l d  on 23 and 24 June 
1971 a t  SAMSO and RKD i n  L o s  Angeles, C a l i f o r n i a .  T h i s  memo 
summarizes t h e  p r e s e n t a t i o n s  made a t  t hose  reviews. 

Propuls ion  oriented reviews of the M~xC-W aiid NAR\SD 
v e h i c l e  s t u d i e s  and t h e  propuls ion  c o n t r a c t o r  engine  c y c l e  
trade s t u d i e s  were held on 23 and 24 June 1971 a t  SAMSO and RKD 
i n  Los Angeles C a l i f o r n i a .  
t i o n s  made a t  those reviews. 

This memo summarizes t h e  p re sen ta -  

2.0 DISCUSSION 

Table 1 p r e s e n t s  t h e  agenda of t h e  meetings and 
Table 2 summarizes t h e  d e s i r e d  engine o p e r a t i n g  c h a r a c t e r i s t i c s  
t h a t  w e r e  t o  have been s t u d i e d .  
t o r s  provided pa rame t r i c  data f o r  s e v e r a l  d i f f e r e n t  b e l l  nozzle  
engine c y c l e s  and de r ived  prel iminary des ign  summaries f o r  

Each o f  t h e  p ropu l s ion  cont rac-  

*"Main Propuls ion  Se lec t ions ;  Pre-Phase A NASA Space Tug 
S t u d i e s , "  Case 237, C. Bendersky, May 18, 1971.  
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8 , 0 0 0 ,  1 5 , 0 0 0 ,  2 5 , 0 0 0  and 50,000 l b  t h r u s t  engine  systems. 
RKD, i n  a d d i t i o n  t o  these, performed t h e  same t a s k s  f o r  
engine c y c l e s  having ae rosp ike  nozzles .  RPL then  compiled 
and condensed t h e  paramet r ic  da t a*  and provided them t o  t h e  
SAMSO vehicle c o n t r a c t o r s  who i n  t u r n  performed propuls ion  
o p t i m i z a t i o n  s t u d i e s .  

The s t u d i e s  are cont inuing  and each propuls ion  
c o n t r a c t o r  i s  now p repa r ing  a d e t a i l e d  p o i n t  des ign  a t  t h e  
25,000 l b  t h r u s t  l e v e l  f o r  h i s  f a v o r i t e  b e l l  nozz le  engine  
cyc le .  RKD w i l l  p r epa re  an a d d i t i o n a l  2 5 , 0 0 0  l b  p o i n t  des ign  
f o r  an aerospike  nozz le  engine system. 

2 . 1  Engine System S tud ie s  

F igure  1 l is ts  t rade-of f  parameters s p e c i f i e d  by 
RPL f o r  u se  i n  comparing cand ida te  engine c y c l e s .  

The b e l l  nozz le  engine c y c l e s  can be d iv ided  i n t o  
t w o  b a s i c  groups: open c y c l e s  and topping c y c l e s .  

I n  open c y c l e s ,  t u r b i n e  p r e s s u r e  r a t i o  i s  h igh  and 
l o w  p r e s s u r e  exhaus t  gases  are ducted overboard through t h e  
l o w  p r e s s u r e  area of  t h e  supersonic  p o r t i o n  o f  t h e  main nozz le  
o r  through a s e p a r a t e  l o w  p r e s s u r e  nozzle .  Open c y c l e s  
i n c l u d e  gas-generator ,  c o o l a n t  b leed  and chamber tap-off 
t u r b i n e  gas  arrangements. 

I n  topping c y c l e s ,  t u r b i n e  p r e s s u r e  r a t i o  i s  l o w  
and h igh  p r e s s u r e  exhaus t  gases  are ducted d i r e c t l y  i n t o  t h e  
main combustion chamber and thereupon become und i s t ingu i shab le  
f r o m  t h e  main combustion products .  Topping c y c l e s  inc lude  
t h e  staged-combustion and expander t u r b i n e  gas  arrangements.  

Some combinations of open and topping c y c l e s  w e r e  
a lso cons idered  by t h e  propuls ion  c o n t r a c t o r s .  

The cand ida te  c y c l e s  chosen by ALRC f o r  s tudy  a r e  
shown schemat ica l ly  i n  F igures  2 and 3 .  Figure  4 summarizes 
t h e  r a t i n g s .  The s t aged  combustion c y c l e  w a s  found t o  be t h e  
best  performing a c r o s s  t h e  8,000-to-50,000 l b  t h r u s t  range. 
Where a v a i l a b l e  space  i s  l i m i t e d ,  h ighe r  t h r u s t  engines  
b e n e f i t  more than  lower t h r u s t  engines  from use  of a retractable 
nozz le .  

*"AF'RPL TM-71-18 Parametr ic  Engine Data f o r  Orbi t - to-  
O r b i t  S h u t t l e , "  ( U ) ,  L. E .  Tepe, June 1 9 7 1 .  
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The r e s u l t s  of R K D ' s  s t u d i e s  of  c y c l e s  f o r  b e l l  
nozz le  engines  were f o r  a l l  p r a c t i c a l  purposes t h e  same as 
those  of  ALRC. 

P&W chose n o t  t o  cons ider  a convent iona l  s t aged  
combustion c y c l e  b u t  inc luded  a hybr id  v e r s i o n  c a l l e d  an 
augmented expander cyc le .  T h i s  c y c l e  (Figure 5) u ses  chamber 
hea ted  H 2  ( l i k e  t h e  expander FU-10) t o  provide  most of  t h e  
energy requirements .  
t h e  h o t  H2 i s  s p l i t  and a smaller p o r t i o n  i s  burned w i t h  
O2 and then  remixed wi th  the main H2 stream. 
(augmented) energy gas  allows the  engine t o  o p e r a t e  a t  a 
h igher  chamber p r e s s u r e  t h a n  p o s s i b l e  i n  a convent iona l  
expander c y c l e  and r e q u i r e s  a smaller precombustor than  a 
convent iona l  s t aged  combustion cyc le .  A s  shown i n  F igu re  6,* 
t h e  augmented expander cyc le  engines performed best o f  
those s t u d i e d  by PCW.  

However before  e n t e r i n g  t h e  t u r b i n e  

This  h ighe r  

The ae rosp ike  engine  c y c l e s  considered by RKD a r e  
shown i n  F igu re  7.  To o p e r a t e  e f f i c i e n t l y  an  ae rosp ike  
nozz le  r e q u i r e s  t h a t  a s m a l l  p a r t  of  t h e  t o t a l  p r o p e l l a n t  
be duc ted  i n t o  t h e  nozz le  base  a rea .  I n  an open c y c l e  t h e  
lower p r e s s u r e  t u r b i n e  e x h a u s t  gases  are used f o r  t h i s  pur- 
pose.  I n  a topping  c y c l e  t h e  base gases  are s p l i t  o f f  from 
t h e  main flow be fo re  e n t e r i n g  the  combustion chamber. The 
RKD s t u d i e s  showed t h e  expander c y c l e  t o  be t h e  best per-  
forming of  t h e  ae rosp ike  nozzle  engines  s t u d i e d .  

engine  n e c e s s i t a t e  ope ra t ion  a t  a lower chamber p r e s s u r e  than  
b e l l  nozz le  engines ,  the  aerospike  system d i d  n o t  compare 
favorably  wi th  t h e  b e l l  nozz le  engines .  I n  o r d e r  t o  a l l e v i a t e  
t h e  ae rosp ike  h e a t  t r a n s f e r  problem, RKD in t roduced  a coo l ing  
concept  c a l l e d  "double-panel chamberwall cool ing"  which uses  
both H2 and O2 r e g e n e r a t i v e l y  as  shown i n  t h e  schematic of 
Figure 8 .  The capper alloy (NARLOY) chamber l i n e r  has machined 
H2 passages and NARLOY tubes f o r  O2 flow brazed i n t o  t h e  H2 

c o o l i n g  s lo t s .  The O2 t a k e s  up approximately 25 p e r c e n t  of  
the h e a t  f l u x  p rev ious ly  c a r r i e d  away by t h e  hydrogen. A t  
25,000 l b  t h r u s t  t h e  r educ t ion  of  hydrogen c o o l a n t  p r e s s u r e  
drop  a l lows  t h e  engine t o  opera te  a t  1 , 0 0 0  p s i a  and an area 
r a t i o  of 200:l compared t o  750 p s i a  and an E. = 1 5 0  f o r  t h e  
convent iona l  aerospike  and s p e c i f i c  impulse is  i n c r e a s e d  9 
seconds.  (It is  noted t h a t  t he  double  paneled ae rosp ike  i s  

Because heat t r a n s f e r  characteristics o f  an ae rosp ike  

*Figures 4 and 6 show a f i c t i t i o u s  A payload which would 
r e s u l t  if g r a v i t y  losses and s t r u c t u r a l  weights  d id  n o t  change. 
The optimum t h r u s t  l e v e l  i s  determined by i n c o r p o r a t i n g  those 
a d d i t i o n a l  f a c t o r s .  
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conceptua l  and r e q u i r e s  experimental  v e r i f i c a t i o n . )  
i s  a summary of  t h e  aerospike  expander c y c l e  performance 
estimates f o r  bo th  s i n g l e  and double pane l  c o o l i n g  a t  8 , 0 0 0 ,  
15 ,000 ,  25,000 l b  and 50,000 lb t h r u s t .  

F igure  9 

2.2 Vehicle  S t u d i e s  

Both NAR 61 MDAC-W conducted propuls ion  t r a d e s  of 
79 ,500  l b  (max) g ross  weight s i n g l e  s t a g e s  having c a p a b i l i t i e s  
of  d e l i v e r i n g  1 0 , 0 0 0  l b  t o  o r  r e t u r n i n g  3500 l b  from synchronous 
o r b i t .  Based on t h e  RPL compiled propuls ion  d a t a  of Reference 1 
both c o n t r a c t o r s  concluded t h a t :  

1013-CB-a]] 

Attachments 

Staged combustion engines w i t h  boost pumps would be 
markedly s u p e r i o r  t o  s i n g l e  pane l  ae rosp ikes .  

Double paneled aerospikes  approach t h e  performance 
of s t aged  combustion engines  b u t  have h igher  r i s k  
and would be more c o s t l y  t o  develop. 

The b e l l  nozz le  engine t o t a l  t h r u s t  would be 
optimum a t  approximately 20,000 l b .  E i t h e r  a 
s i n g l e  20,000 l b  t h r u s t  engine o r  t w o  1 0 , 9 0 0  l b  
t h r u s t  engines  would be s a t i s f a c t o r y .  

Dual engine aerospikes  would n o t  be desirable. 

U C. Bendersky 



23 June a t  Rocketdyne 

AFRPL Program Overview 

Rocketdyne Summary 

Tasks I, 11, I11 

V i e w  Hardware 

Aerospike S tud ie s  

A l t e r n a t e  Engine S tud ie s  

Engine Thermal Fa t igue  Program P r e s e n t a t i o n  

2 4  June a t  SAMSO 

SAMSO Upper Stage S tud ie s  Overview (Gov't personnel  on ly)  

North American R o c k w e l l  Space Divis ion 

McDonnell-Douglas - 00s Engine Design S t u d i e s  

P r a t t  & Whitney 

A e r o j e t  

Government Caucus 

TABLE 1. 00s PROGRAM REVIEW AGENDA 



TABLE 2 

8,000- TO 50,000-POUND TBRUST ENGINE OPERATING CHARACTERISTICS 

P r o p e l l a n t s  L5quid Oxygen/Liquid Ilydr ogcn 

Naximum Vacuum Thrus t ,  pounds . 8,000 to 50,000 

Number of Vacuum S t a r t s  60 

Li fe t ime (Expendable Mode), thermal. cyc le s  6 

Li fe t ime (Reusable Mode), thermal cyc les  3 00 

L i f e t i m e  (Reusable' Mode), hours 10 

10 Minimum Natura l  Frequency of Gimbal System, Hertz 

Fuel  Pump NPSH, f e e t  of hydrogen 60 

Oxidizer  Pump NPSH, feet of oxygen . 16 

1000 

52 

14 

Illximum S ing le  Run Duration, seconds 

Xaximum Storage  Time i n  Orb i t  (Dry), weeks ' 

Naximum Time Between F i r i n g s  (Coast T i m e ) ,  days 

lb Minimum Time Between F i r i n g s  (Coast Time) ,  minutes 

2 Maintenance-Free Engine Run Time, hours 

Naintenance-Free Engine F i r i n g  Cycles ' 60 
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